The analysis, failure diagnosis and control of discrete event systems (DESs) requires an accurate model of the system. In this paper we present a methodology which makes the task of modeling DESs considerably less cumbersome, less error prone, and more user-friendly than it usually is. In doing so we simplify the modeling formalism of [4, 51, by eliminating "precedence relations", and capturing them as part of the "event occurrence rules". Under the new modeling formalism the size of the system model is polynomial in the number of signals; whereas the number of states in the commonly used automata models is exponential in the number of signals. We present automated techniques for deriving an automaton model from the model in the proposed formalism.
Introduction
There exist numerous types of models of DESs [3] which include automata based models [SI, boolean models [l] , and polynomial representations [SI. [9] provides a survey of modeling and analysis methods such as Temporal Logic, Calculus of Events, Petri Nets and Minimax Algebra. In [4, 51, a technique for obtaining the automata models of DESs was proposed which made the task of modeling considerably easier. The model was ' described in terms of initial conditions, weighted sensor event occurrence rules, and precedence relations. This work simplifies the modeling formalism of [4, 5] by eliminating precedence relations among output events, and captures them as part of the event occurrence rules.
Further the procedure of automatic derivation of an equivalent automaton model is considerably simplified through the use of interacting extended automata. All the signals in the system are taken to be binary Valued, and transitions between binary levels false and t r u e are designated as evqts. In order to obtain the overall model of the system, we define the synchronous composition of two extended automata, {G; := ( X i ,~; , E ; , s 4 , X i m ) } i = l ,~.
The synchronous composition of GI and Gz, denoted GIIIGz, is the automaton (X, C, E,zO,zm), where.X := XI x Xz, C := E1 U Cz, zo := (zp,z!j'), and the set of transitions Eu is the set of transitions which occur synchronously with the participation of both G1 and Gz, whereas E8 and E7, respectively, are the set of transitions that occur asynchronously with the participation of GI and GZ only.
3 Proposed modeling formalism
The proposed modeling formalism applies to systems for which, (i) the system inputs and system outputs are binary valued, and (ii) all the system states are determined by the current values of input and output signals of the system. The model consists of initial conditions and event occurrence rules as described next.
Initial Conditions
This captures the initial state of the system corresponding to the initial values of inputs and outputs of the system.
Event occurrence rules
The system model is constructed out of mles which govern how the events in the system are influenced by the values of other signals.
Input signals, being independent variables, alternate between their binary values without any additional restriction. Hence an input, which is in the off state, can be turned on, and vic+versa. These are captured as the default event occumnce rules for input signals.
For the p'th input signal i,, its default event occurrence rule takes the following form:
Rule 2. j j ( i l , ...,in) := a boolean formula over input signals representing a disabling condition for the consequent output event.
3. j,'(il, ..., in) := a boolean formula over output signals representing an enabling condition for the consequent output event.
For Rulepldn, the antecedent of the rule then takes the following form:
where j,!(i,, ..., in) is used to denote negation of f!(il, ..., in). state extended automata, and use the antecedent of the rules to determine the guards of the transitions in the 2-state extended automaton. For a system with n inputs and m outputs there will be a total of (m+n) such 2-state extended automata.
2. Take a synchronous composition of extended automata using the definition given in the introduction.
3. Use the event occurrence rules to prune the infeasible transitions in the composition. Pruning is done at locations where the guard conditions associated with the output events are false. Such transitions are simply deleted from the composition. The final automaton model is obtained as the trim component of the pruned automaton.
As an illustration of the algorithm given above, let us consider the schematic of a material handling system shown in Figure 1 . The events that can occur in The model of the material handliig system in our formalism is given in Figure 2 .
1. Initial conditions: Tf = Tr = off; i = e = down. An equivalent automaton model of the material handling system is derived next.
Event occurrence rules:
Step 1: Draw the 2-state extended automata for each of the signals present in the system. indicate guards of events. This is shown in Figure 3 . There are four 2-state extended automata, one for each signal. Step 2
Step 9: Prune out the infeasible transitions from the composition; these transitions have their guard conditions evaluate to false, and obtain the trim component of the pruned automaton. This overall automaton model of the transporter is shown in Figure 5 . The modeling methodology of the discrete event system in our formalism can be extended to model systems involving non-discrete variables for which a discrete event system abstraction is being sought, as is often the case in process control systems.
Proposed modeling formalism
The proposed model in our formalism for systems which possess DES abstractions is similar to that for a 'pure' discrete event system; the only dfierence being that now non-negative real-valued weights are associated with the input signals. For R~l e ;~'~" , the antecedent of the rule then takes the following form: jf(i;', ..., i?,oyi?, ..., o~m) 
Example from process control
The schematic of a tank filling application is shown in Figure 6 . This system has the following valves (inputs) and sensors (outputs): The model in our formalism is given in Figure 7 . In order to construct an equivalent automaton model, we follow the algorithm given in Section 4. The resultant automaton model is found to have 24 states and is shown in Figure 8 . As can be seen, the automaton model is quite complex and potentially unmanageable to obtain directly. We are able to derive it from the proposed modeling formalism consisting of a small number of rules describing in an intuitive manner relationships among system signals. Once the rules for the different events in the system have been obtained, an equivalent automaton model of the system can be obtained by combining, in the same manner as before, the individual extended automata models for all the signals in the system. In the case of signal s with k, values, its automaton model will have k, states, and the ith state will be connected to the j t h state by a transition on the event si+J with the guard condition G p j . The individual extended automata for multi-valued signals can be combined in exactly the same manner as that of the synchronous com- . Extension to model more general causal systems using temporal logic It is possible to extend the modeling formalism to incorporate guards that are not restricted to be the members of a predicate logic, but that of a temporal logic. Then, a transition will occur based not only on the present state information, but also based on information about the past values of the signals. This can be done by the inclusion of temporal operators in the guard.
For a causal system, only such temporal operators must be included so that a guard can be evaluated using the past history of signal values. For this, we need two temporal operators, namely, the past operator P(.), signifying some condition was true sometimes in the past, and the last operator L(.), signlfying that some condition was true in the last step.
For example, in the tank system we could have a draining tap switched on, if sometime in the past a filling tap was switched on, and at the present time the draining tap is switched off. This can be represented using a rule containing a temporal logic guard as: -tdroin A p(tfdI) * tdrornUP.
The rules based modeling formalism proposed in [4, 51 has been further simplified for providing an even more user-friendly, scalable, flexible, and canonical method for modeling discrete event systems (DESs). The models in the formalism can be automatically converted to their equivalent automata models, which may then be used for the purposes of further analysis and control. The manner in which models in the proposed formalism are constructed provides a solution for addressing the problem of state space explosion associated with the automata model of DES. The model we propose is polynomial in the size of the systems signals, whereas the number of states in the automata models grow exponentially with the number of signals in the system. The compact form of the model greatly aids rapid construction and reconfiguration, debugging and validation of the model.
